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REMARKS 

This is a full and timely response to the Office Action mailed March 24, 2004. 

By this Amendment, claims 8-12, 14-15 and 17-19 were cancelled without prejudice 
or disclaimer to their underlying subject matter, and new claims 20-32 were added. The new 
claims correspond to the same subject matter presented in the canceled claims. Thus, support for 
the new claims can be found variously throughout the specification and original claims. Claims 
20-32 are pending in this application. 

In view of this Amendment, Applicant believes that all pending claims are in 
condition for allowance. Reexamination and reconsideration in light of the above amendments 
and the following remarks is respectfully requested. 

Rejections under 35 U.S.C. §102 

Claims 8-11 are rejected under 35 U.S.C. § 102(b) as allegedly being anticipated by 
Sha et al (Immunobiology, p. 21 - 30 (1999). Applicant respectfully traverses this rejection. 

To constitute anticipation of the claimed invention, a single prior art reference must 
teach each and every limitation of the claims. Here, in this case, Sha et al. fails to teach a 
liposomal vaccine composition comprising a plasmid encapsulated within a liposome . 

The Examiner has taken the position that Sha et al. teaches a DNA vaccine using an 
influenza HA gene that is "encapsulated in liposomes". The Examiner believes that since the 
lipid formulation in Sha et al. are mixed with DNA in the same manner as in the present 
invention, the DNA of Sha et al. must be encapsulated within the liposome in the same manner 
as in the present invention. Further, the Examiner believes that there is no distinction between 
DNA being "complexed" with liposome and DNA being "encapsulated" within liposomes. 
However, Applicant strongly disagrees with the Examiner in this regard since the Examiner's 
position contradicts what is known in the art. 

In Xu et al. (Physicochemical Characterization and Purification of Cationic 

Lipoplexes, Biophysical Journal, vol. 77, July 1999, pages 341-353) (enclosed herewith), the 

authors explain on page 341, right column, that: 

"Cationic liposomes bind to DNA and form clusters of aggregated vesicles on 
the DNA (i.e. complexes of DNA with lipids). When the charge ratio (+/-) 
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approaches 1:1, the membranes of the clustered liposomes go on to fuse. This 
results in mixing of lipids from adjacent liposomes and simultaneous collapse 
of the DNA to a condense structure. The process is highly cooperative and 
was suggested to lead to DNA encapsulation inside an enclosed bilayer 
membrane ." 

Such a teaching can also be found in other references in the art. For example, in 
Baubak Bajoghli (The Use of Synthetic Polymers for Delivery of DNA, enclosed herewith), the 
author states: 

"Cationic liposomes are able to interact spontaneously with negatively 
charged DNA to form clusters of aggregated vesicles along the nucleic acid 
(i.e. complexes of DNA with lipids). At a critical liposome density, the DNA is 
condensed and becomes encapsulated within a lipid bilayer." 

Thus, given these clear teachings in the art, there is a distinction between DNA being 
"complexecT (or clustered) with liposome and DNA being "encapsulated' within liposomes. 

Further, the Examiner's statement that the lipid formulation in Sha et al. are mixed 
with DNA in the same manner as in the present invention is also incorrect since it fails to 
compare the ratio at which the DNA and lipid are mixed. 

In Sha et al., the influenza HA gene is mixed with lipid at a ratio of 1 to 2 (see page 
22 of Sha et al., "20jig ofpjw4303 DNA was mixed with 40\ig ofDosper in HBS"), and thus, is 
complexed with liposomes and not encapsulated. On page 26 of Sha et al., the authors discuss 
that cationic liposomes have been shown to efficiently complex with DNA. In other words, the 
experiments of Sha et al. were conducted to determine the effectiveness of DNA/lipid complexes 
and not composition of DNA encapsulated within liposomes. 

In contrast, the present specification teaches that the plasmid DNA is added to the 
lipid film at a concentration of 400/xg DNA/ml of lOmg/ml (see page 10, lines 15-16, of the 
specification). This translates to a DNA to lipid ratio of 1 to 25 which is clearly different from 
the ratio taught in Sha et al. 

This difference in ratio between the present invention and Sha et al. results in the 
DNA being condensed and becoming encapsulated within a lipid bilayer membrane." Such a 
structure is not taught or suggested in Sha et al. 

Further, based on the teachings and experiments of the specification (as discussed in 
the Declaration), it is clear that the difference in liposomal formulation between Sha et al. and 
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the present invention is the key reason why the presently claimed composition can elicit long- 
lasting protective antiviral immune responses against influenza viruses as compare to the 
composition of Sha et al. 

It is stated in Sha et al. that their experiment did not protect the mice against the 
challenge, and that their method of challenge (intramuscular injection) bypassed the mucosal 
antibodies that were induced by their (liposomal) vaccine. In contrast to Sha et al., intramuscular 
injection of the presently claimed liposomal vaccine composition provided complete 100% 
protection in mice (see Fig. 4) (as compared to 0% protection in Sha et al.), but yet did not 
induce mucosal antibodies. This clearly demonstrates that the liposomal vaccine composition of 
the present invention (i.e. plasmid encapsulated within a liposome) is fundamentally distinct in 
terms of structural makeup, biological activity and function from the DNA/liposome complex of 
Sha et al. 

Thus, for these reasons, withdrawal of this rejection is respectfully requested. 

It should also be noted that given the poor results shown in Sha et al. and the clearly 
unexpected and superior results of the present invention, a case of obviousness also cannot be 
made. 

Rejections under 35 U.S.C. §103 

Claims 8, 12, 14, 15 and 17-19 are rejected under 35 U.S.C. §103(a) as being 
unpatentable over Sha et al. and Promega Catalog (Technical Bulletin 206, rev. 7/1999). 

To establish a prima facie case of obviousness, the cited references, in combination, 
must teach or suggest the invention as a whole, including all the limitations of the claims. Since 
for the reasons noted above, the combination of Sha et al. and Promega Catalog fails to teach or 
suggest a liposomal vaccine composition comprising a plasmid encapsulated within a 
liposome, this rejection also cannot be sustained and should be withdrawn. 
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CONCLUSION 

For the foregoing reasons, all the claims now pending in the present application are 
believed to be clearly patentable over the outstanding rejections. Accordingly, favorable 
reconsideration of the claims in light of the above remarks is courteously solicited. If the 
Examiner has any comments or suggestions that could place this application in even better form, 
the Examiner is requested to telephone the undersigned attorney at the below-listed number. 



Respectfully submitted, 




Dated: June 22, 2004 By_ 

Lee Cheng 

Registration No.: 40,949 

RADER, FISHMAN & GRAUER PLLC 

The Lion Building 

1233 20th Street, N.W., Suite 501 

Washington, DC 20036 

(202) 955-3750 

Attorney for Applicant 



Should additional fees be necessary in connection with the filing of this paper, or if 
a petition for extension of time is required for timely acceptance of same, the 
Commissioner is hereby authorized to charge Deposit Account No. 18001 3 for any 
such fees; and applicant(s) hereby petition for any needed extension of time. 
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Physicochemical Characterization and Purification of Cationic Lipoplexes 



Yuhong Xu,* # Sek-Wen Hui * Peter Frederik, § and Francis C. Szoka, Jr.* 

•University of California, School of Pharmacy, Department of Biopharmaceutical Sciences and. Pharmaceutical Chemistry, San Francisco, 
California 94143-0446 USA; # Roswell Park Cancer Institute, Membrane Biophysics Lab, Buffalo, New York 14263 USA; and department 
of Pathology, University of Umburg, Maastricht, the Netherlands 

ABSTRACT Cationic lipid-nucleic acid complexes (lipoplexes) consisting of dioleoyltrimethylammoniumpropane (DOTAP) 
liposomes and plasmid DNA were prepared at various charge ratios (cationic group to nucleotide phosphate), and the excess 
component was separated from the lipoplex. We measured the stoichiometry of the lipoplex, noted its colloidal properties, 
and observed its morphology and structure by electron microscopy. The colloidal properties of the lipoplexes were principally 
determined by the cationic lipid/DNA charge ratio and were independent of the lipid composition. In lipoplexes, the lipid 
membranes as observed in freeze-fracture electron microscopy were deformed into high-radius-of-curvature features whose 
characteristics depended on the lipid composition. Lipoplexes prepared at a threefold or greater excess of either DOTAP or 
DNA could be resolved into complexes with a defined stoichiometry and the excess component by sedimentation to 
equilibrium on sucrose gradients. The separated, positively charged complex retained high transfection activity and had 
reduced toxicity. The negatively charged lipoplex showed increased transfection activity compared to the starting mixture. In 
cryoelectron micrographs the positively charged complex was spherical and contained a condensed but indistinct interior 
structure. In contrast, the separated negatively charged lipoplexes had a prominent internal 5.9 ± 0.1 -nm periodic feature with 
material projecting as spikes from the spherical structure into the solution. It is likely that these two lipoplexes represent 
structures with different lipid and DNA packing. 



INTRODUCTION 

Cationic lipids have become a major research tool for trans- 
ferring DNA into cells in vitro and are being investigated in 
a variety of gene therapy trials in humans (Feigner et ah, 
1987; Gao and Huang, 1995). In this simple protocol, cat- 
ionic liposomes are mixed with DNA to form a cationic 
lipid-DNA complex (designated lipoplex; Feigner et al., 
1997). For in vitro applications, lipoplexes are usually 
formed at excess positive charge ratios (cationic moiety to 
nucleotide), and the resulting complexes are applied to cells 
(Feigner et al., 1987, 1994; Gao and Huang, 1991). For in 
vivo applications, lipoplexes formed at excess positive and 
excess negative charge ratios have been used for gene 
transfer (Gao and Huang, 1995). Despite this widespread 
use in biology, the most critical factor determining lipoplex 
transfection activity is not clear. 

Lipoplexes can be defined with two major parameters: 
the lipid composition and the charge ratio between the lipid 
and DNA. To identify the principal determinant of high 
transfection, a clear understanding of the correlation among 
these parameters and the resulting colloidal properties and 
of the structure of the lipoplexes is required. 

Gershon and co-workers were the first to study the inter- 
action between DOTMA/DOPE liposomes and DNA and 
the structures arising when they were mixed (Gershon et al., 
1993). They suggested that cationic liposomes bind to DNA 
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and form clusters of aggregated vesicles on the DNA. When 
the charge ratio (±) approaches 1:1, the membranes of the 
clustered liposomes go on to fuse. This results in mixing of 
lipids from adjacent liposomes and simultaneous collapse of 
the DNA to a condensed structure. The process is highly 
cooperative and was suggested to lead to DNA encapsula- 
tion inside an enclosed bilayer membrane. Electron micro- 
graphs of metal-shadowed cationic lipid/DNA complexes 
revealed rod-shaped structures interpreted to be inside lipo- 
somes at a charge ratio of 1:1. The membrane fusion hy- 
pothesis was consistent with studies reporting fusion be- 
tween cationic liposomes mediated by various polyanions 
(Duzgunes et al., 1989; Keren-Zur et al., 1989) or with 
anionic liposome and cells (Stamatatos et al., 1988; Leven- 
tis and Silvius, 1990). These and other studies reinforce the 
hypothesis that the inclusion of fusogenic lipids such as 
DOPE in the lipoplex is critical to transfection activity 
(Feigner et al., 1994; Farhood et al., 1995). 

Sternberg and co-workers were the first to publish freeze- 
fracture electron micrographs depicting the lipid morphol- 
ogy arising when cationic liposomes composed of DC- 
cholesterol and DOPE (1:1 molar ratio) interacted with 
DNA (Sternberg et al„ 1994). Aggregated and semifused 
liposome structures were observed at a low DNA-to-lipid 
ratio or after a short incubation time. At cationic lipid/DNA 
charge ratios close to 1:1, they observed complexes con- 
taining tubular structures with a 7-nm diameter. They pro- 
posed a model for the structures that they termed the "spa- 
ghetti (DNA helix inside a lipid tube) and meatball 
(aggregated liposomes) model." The lipid tubules were ob- 
served at charge ratios quite close to that used for optimal 
transfection, leading them to conclude that the tubule struc- 
tures were the active lipid-DNA assembly structure. 
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Cryotransmissioti electron micrographs of complexes 
formed from various cationic detergents and lipids with 
DOPE were examined by Gustafsson and co-workers 
(1995). They observed that discrete clusters of aggregated 
particles appeared with the addition of DNA to cationic 
liposomes with a charge excess of cationic lipid to DNA. 
The various lipids and detergents examined formed com- 
plexes with DNA that consisted of a compact striated struc- 
ture that was interpreted as "a compact and disordered 
multilamellar structure." There was no evidence of discrete 
tubular structures in the cryoelectron micrographs. With an 
excess of DNA, there appeared to be strands of DNA 
protruding from the complex. 

More recently, two groups have applied small-angle x- 
ray diffraction (SAXS) to the investigation of the structures 
of the complexes (Lasic et al, 1997; Radler et al., 1997), 
Lasic and co-workers used a combination of cryoelectron 
microscopy and SAXS to examine a complex formed from 
dioctadecyldimethylammonium/cholesterol (1:1 molar ra- 
tio) and plasmid at a 2:1 (±) charge ratio. They concluded 
that the DNA was absorbed between lamellar sheets as a 
single layer of parallel helices. The spacing determined by 
both methods was 6.5 nrn, which is consistent with the 
dimensions of a bilayer and a hydrated DNA helix. Radler 
and colleagues examined the SAXS of lipoplexes formed 
between liposomes composed of DOTAP/DOPC at various 
molar ratios and plasmid DNA. The SAXS pattern showed 
a clear periodic structure with a 6.5-nm spacing, which was 
fairly constant regardless of the lipid/DNA charge ratio used 
to prepare the lipoplex. There was another peak, which they 
interpreted as the DNA interaxiat spacing. This spacing 
changed with the lipid/DNA charge ratio and with the 
cationic lipid/neutral lipid ratio. At charge ratios higher than 
1:1 it was 5.7 nm, and at charge ratios lower than 1:1 it was 
2.4 nm. From these values they postulated a lipoplex struc- 
ture consisting of lipid multilayers with DNA between the 
layers. 

Based upon the above studies, it appears that lipoplexes 
formed at an excess negative charge ratio differ from those 
formed at an excess positive charge ratio in their colloidal 
properties as well as in their lipid/DNA packing structures. 
However, this aspect is not yet resolved, because most of 
the studies were based on one cationic liposome composi- 
tion prepared at a neutral or positive charge ratio. We were 
interested in learning whether different liposome composi- 
tions would result in complexes with different colloidal 
properties or different lipoplex structures. We show that the 
lipid composition in the liposomes is irrelevant to the col- 
loidal properties of the complex, but composition strongly 
influences the microscopic structure of the complexes. 
High-radius-of-curvature structures were observed in trans- 
fection active lipoplexes. 

We found two distinctively different lipid/DNA packing 
structures: one found at excess positive charge ratio, the 
other found at excess negative charge ratio. We were curi- 
ous to learn whether they represent a continuum of struc- 
tures that have unique characteristics at each charge ratio or, 



rather, if there are two stoichiometric assemblies formed 
under conditions of an excess component. We demonstrated 
that lipoplexes with a defined stoichiometry can be prepared 
when one of the reactants is provided in more than a 
threefold excess and separated from unreacted excess com- 
ponent by sedimentation to equilibrium on sucrose gradi- 
ents. These isolated, stoichiometric complexes had a small 
diameter and were homogenous and relatively stable to 
storage. Furthermore, both the negative and positive com- 
plexes were active in transfection. 

MATERIALS AND METHODS 
Materials 

Dioleoyltrimethylammoniumpropane (DOTAP), dioleoylphosphatidyleth- 
anolamine (DOPE), and dioleoyl phosphatidylcholine (DOPC) were pur- 
chased from Avanti Polar Lipids (Alabaster, AL). The fluorescence-labeled 
lipids rhodarrune-phosphatidylethanolamine (Rh-PE) and N-(7-nitrobenz- 
2-oxz-l ,3-diazol-4-yl) dipalmitoylphosphatidylethanolamine (NBD-PE), 
as well as the DNA intercalating dye ethidium bromide (EtBr), were from 
Molecular Probes (Eugene, OR). Plasmid DNA (7.6 kb) encoding /3-ga- 
Iactosidase as the reporter gene was prepared by a standard protocol 
(Sambrook et al., 1989) and routinely had 260 nm/280 nm absorbance 
ratios greater than 1.8 and was predominantly supercoiled. DNA concen- 
tration was determined using a value of 50 /xg DNA per one absorbance 
unit at 260 nm. DNAse I was obtained from Gibco BRL (Gaithersburg, 
MD). C 12 E a was from CalBiochem (San Diego, CA). All of the other 
reagents, including monooleoylglycerol (MOG), cholesterol (Choi), and 
0-nitrophenyl-j3-D-galactopyranoside (ONPG) were obtained from Sigma 
(St. Louis, MO). 

Sample preparation 

To prepare liposomes, a chloroform solution of lipids was placed in a glass 
vessel, and the chloroform was removed under vacuum while the lipid was 
deposited on the side of the vessel. The lipid film was exposed to a high 
vacuum for at least 2 h. The lipids were resuspended in water, and the 
suspension was irradiated in a bath-type sonicator (Lab Supplies, Hicks- 
ville, NY) under argon until a translucent lipid suspension (<30 min) was 
obtained (Legendre and Szoka, 1992). Liposomes or, in some cases, 
micelles formed by this method had a diameter between 10 and 80 nm. The 
exact value is indicated in the figure legends. Cationic liposome/DNA 
complexes were made by mixing equal volumes of the liposome and DNA 
at the lipid positive charge/nucleotide negative charge ratio indicated. For 
complexes prepared with an excess positive charge ratio or at the charge 
equivalence point, the DNA was rapidly injected into the cationic liposome 
suspension. For complexes prepared with an excess negative charge ratio, 
the cationic liposome suspension was rapidly injected into the DNA 
solution.. The salt concentration in the buffer was always equal to or 
less than 30 mM Tris/HCl, and the final DNA concentration varied be- 
tween 12 and 500 /ig/mJ. The exact DNA concentration is indicated where 
appropriate. 



Size and zeta potential measurement 

The particle size of the liposomes and their complexes with DNA were 
obtained by dynamic light scattering measurements on a sub-Micron Par- 
ticle Analyzer (Coulter N4; Coulter Electronic). The zeta potentials were 
determined with a laser electrophoretic mobility instrument Zetasizer 
(model 4; Malvern Instruments) in a 30 mM NaCl buffer. The zeta 
potential and diameter of the lipoplexes were measured within 3 h of their 
formation. 
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Lipid mixing measurements 

To measure the rate and extent of lipid mixing during complex formation, 
we used the assay of Struck and Pagano (Stuck et al., 1981), Cationic 
liposomes containing 1 mol% of Rh-PE and NBD-PE were mixed at a 1:8 
ratio with unlabeled cationic liposomes. Because of the fluorescence en- 
ergy transfer, NBD emission (/ 0 ) was greatly reduced in close proximity to 
Rh-PE. With the addition of DNA to the cationic liposomes, lipid mixing 
between labeled and unlabeled liposomes resulted in the dilution of the 
fluorescence label and an increase in NBD-PE fluorescence. The increase 
in NBD emission (/) was used to calculate the percentage of lipid mixing: 

l-h 

% of lipid mixing = - — — X 100 % (1) 

'max '0 

where is the maximum dequenching of the NBD emission obtained by 
dissolving liposomes with the detergent C| 2 E 8 . The fluorescence intensity 
is recorded using a Spex Fluorimeter (excitation wavelength: 470 nm; 
emission wavelength: 527 nm; 2.5-mm excitation and 5.0-mm emission 
slits). The reproducibility of the lipid mixing measurement was ±5%. 

Displacement of EtBr intercalation 

EtBr fluorescence at 610 nm was recorded in a Spex Fluorimeter (excita- 
tion wavelength: 500 nm) to measure the effect of cationic liposome 
binding on EtBr intercalation into DNA. Fluorescence intensity obtained 
from a pi as mid DNA solution (5 /xg/ml) containing 0.2 yi%lm\ EtBr is 
defined as the maximum intensity (100%). After the mixing of cationic 
liposomes with DNA, the resulting fluorescence intensity was compared to 
the maximum intensity, and the percentage change was used as an indica- 
tion of the EtBr displacement. The values reported are steady state values 
obtained in less than 3 min after the liposomes are mixed with the DNA. 
The data are not corrected for any light scattering due to addition of 
liposomes. Light scattering caused less than a 5% change in the fluores- 
cence signal. 

Susceptibility of DNA to DNase I digestion 

To determine whether DNA is exposed to the aqueous environment when 
complexed with cationic liposomes, we measured the susceptibility of 
DNA to degradation by DNase I. The complexes were incubated with 
DNase I (2 units/fig of DNA) in reaction buffer (0.9 mM MnCI 2 , 50 mM 
Tris-HCl, pH 7,4) for 5, 30, and 90 min. At each time point, the reaction 
was stopped by adding an equal volume of phenol. The sample was then 
extracted two times with chloroform/high-salt buffer to remove the bound 
lipids. The aqueous solution containing the DNA and/or digestion products 
was loaded directly onto a 1% agarose gel and separated in an electric field 
of 110 v for 2 h to examine the integrity of the plasmid DNA. 

Purification of cationic liposome/DNA lipoplexes 

To separate cationic liposome/DNA complexes from unbound or loosely 
bound liposomes or DNA, lipoplexes mixed at different charge ratios were 
loaded on top of a 4-ml 0-30% (w/w) linear sucrose gradient. After 16 h 
of ultracentifugation (40,000 rpm in a Beckman rotor SW 50.1; 150,000 X 
g), the complexes migrate to a specific density that was either visible to the 
eye or could be detected by chemical analysis. To analyze the distribution 
of the complexes, the gradient was separated into 10 fractions, and each 
fraction was assayed for lipid and DNA content. To determine the lipid 
concentration, 1% fluorescent label Rh-PE was added to the liposomes, and 
the fluorescence after C^Eg solubilization of the liposomes was used to 
quantify lipid concentration. The plasmid DNA concentration in each fraction 
was measured either using the Hoescht dye 33258 (Polysciences, Warrington, 
PA) and a DNA fluorimeter (TKO100; Hoeffer Scientific Instruments, San 
Francisco, CA) (sensitivity >10 ng/ml DNA) after methanol/chloroform ex- 
traction of the mixture, or by using radiolabeled plasmid DNA. 



Freeze-fracture electron microscopy of 
lipoplex suspensions 

The morphology of the liposomes and lipoplexes was examined by electron 
microscopy after freeze-fracture sample preparation as previously de- 
scribed (Hui, 1988). About 2 /xl of the cationic liposome/DNA lipoplex 
sample (at 200 jig/ml or higher DNA concentration) was sandwiched 
between two copper plates, and the sample was rapidly frozen by plunging 
it quickly into liquid propane. The sample was then fractured and shad- 
owed with carbon (0° tilt) and platinum (45° tilt) at - 1 10°C and 2 X 1(T 6 
ton* high vacuum. The replicas were cleaned and examined in a transmis- 
sion electron microscope (Hui, 1988). 

Cryoelectron microscopy of lipoplex suspensions 

The samples for cryoelectron microscopy were prepared at 100 fig/ml 
DNA. A thin aqueous film was formed on a grid with a fine honeycomb 
pattern (700 mesh) that was 3-4 /xm thick. The thin film was rapidly 
vitrified by plunging the grid into ethane cooled to its melting point by 
liquid nitrogen. The vitrified sample grid was stored under liquid nitrogen 
during transfer to the cold stage of the electron microscope (Philips CM30). 
The micrographs were taken with an acceleration voltage of 100 kV at 
-170°C at various defocus values between -0.9 and - 2.1 /im as 
previously described (Frederik et al., 1991). 

Cell transfection 

Cationic liposome/DNA lipoplexes with different lipid formulations and 
charge ratios were examined for in vitro transfection activity in CV1 cells 
(monkey fibroblast-like cells). The /3-galactosidase gene is used as the 
reporter gene (pCMV-j3-gal) and was a generous gift of Dr. McGregor 
(McGregor and Caskey, 1989). Cells were plated in a 96-well cell culture 
dish 24 h before transfection at 20,000 cells/well and grown in DME-H21 
media containing 10% fetal calf serum at 37°C, 5% C0 2 . Immediately 
before transfection, the cell monolayer was rinsed once with serum-free 
medium and medium containing 0%, 10%, 20%, or 30% serum placed over 
the cells. Preformed complexes were added to the cells (0.6 /u,g DN A/well 
unless otherwise indicated) in a volume of 50 fi\ and incubated for 4 h. The 
incubation medium was then replaced by medium containing 10% fetal calf 
serum, and cells were incubated for another 40 h. The transfection activity 
was measured as previously described (Tang et al., 1996) and reported as 
the amount of j3-galactosidase protein activity obtained per well, using 
enzyme-linked immunosorbent assay-grade /3-galactosidase from CalBio- 
chem (San Diego, CA) as the standard. 

RESULTS 

Characterization of cationic lipoplexes 

Size and zeta potential of lipoplexes 

Cationic liposomes with different lipid compositions were 
mixed with plasmid DNA at various charge ratios, and the 
diameter and zeta potential of the resulting complexes were 
measured (Fig. 1). The absolute value of the mean diameter 
of the lipoplexes was a function of the lipid and DNA 
concentration during mixing, the ionic strength of the solu- 
tion, the mixing rate, and the amount of mechanical agita- 
tion applied to the suspension (data not shown). Thus a 
standard protocol that involved injecting equal volumes of 
the minor component and the component in excess in a 
polystyrene tube was used to prepare all of the combina- 
tions. The salt concentration in the buffer was always equal 
to or less than 30 mM Tris/HCl, and the final DNA con- 
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FIGURE 1 Cationic Uposome/DNA complex colloidal properties. The 
symbols represent lipoplexes formed from the following lipid composi- 
tions: DOTAP; A, DOTAP/DOPE; O, DOTAP/MOG; +, DOTAP/ 
DOPC. All of the samples were measured at least three times, and the error 
bar is the standard deviation of these measurements. (A) Diameter. The 
diameters of the starting sonicated liposomes were 40 nm for DOTAP, 10 
nm for DOTAP/MOG, 40 nm for DOTAP/DOPE, and 80 nm for DOTAP/ 
DOPC. The complexes were prepared at 100 /x,g/ml DNA final concentra- 
tion. (Z?) Zeta potential. The complexes prepared as above were diluted in 
buffer to a final concentration of 30 mM.NaCl for the zeta potential 
measurements. (Q Percentage of lipid mixing. The percentage of lipid 
mixing was calculated as described in Materials and Methods. 



centration was 100 /xg/ml. At cationic lipid/DNA charge 
ratios between 1:1 and 2:1, the complexes have the largest 
diameter (Fig. 1 A). Higher or lower charge ratios result in 
lipoplexes with smaller diameters. All of the cationic lipo- 
somes formed lipoplexes of about the same diameter when 
compared at each charge ratio, except for compositions 
containing DOPC, which formed slightly larger diameter 
lipoplexes at the 2:1 charge ratio (Fig. 1 A). 

The lipoplex zeta potential changes from negative to 
positive when the mixing charge ratio changes from excess 
negative to excess positive. The lipoplexes mixed at 1:1 
charge ratio had a positive zeta potential when they were 
mixed using the standard protocol: injecting DNA into 
liposome solutions. However, if liposomes were injected 
into DNA solution at the same charge ratio, the zeta poten- 
tial of the resulting complexes was negative (Tros de Ilar- 
duya and Szoka, unpublished data). At the various charge 
ratios, the zeta potentials of the complexes were, quite sim- 
ilar among complexes formed from different liposome com- 
positions. However, lipoplexes formed with an excess of 
DOTAP had a slightly lower zeta potential than the lipo- 
plexes formed using other liposome compositions. 

Lipid mixing during formation of the lipopiex 

Cationic liposomes underwent extensive lipid mixing dur- 
ing their complexation with DNA (Gershon et al. 1993). 
Lipid mixing increased as the amount of plasmid DNA 
added increased, up to a maximum value at a 1:1 charge 
ratio (Fig. 1Q. Injecting the lipid into the DNA at a 1:2 
charge ratio resulted in significant lipid mixing,, albeit 
slightly decreased from the value found at the 1:1 charge 
ratio. Notably, all of the liposome formulations examined 
exhibited a similar extent of lipid mixing, even in the case 
of DOTAP/DOPC, in which the presence of DOPC was 
expected to have an inhibitory effect on membrane fusion. 
As we show later, the lipid mixing assay does not predict 
transfection activity. 

Displacement of EtBr Intercalation 

When EtBr intercalated into DNA, its fluorescence emis- 
sion at 610 nm was greatly enhanced. Formation of the 
cationic liposome/DNA complex resulted in the displace- 
ment of EtBr, causing a sharp decrease in the fluorescence. 
The displacement of EtBr from DNA was rapid and was 
usually completed within 30 s (Xu and Szoka, 1996). With 
the addition of lipid to the DNA, there was a gradual 
decrease in fluorescence, until the cationic liposome/DNA 
charge ratio reached 1 :2 (Fig. 2 A). At a greater charge ratio, 
there was a substantial drop in fluorescence, so that at a 2:1 
ratio nearly 90% of the EtBr . was displaced from DNA. 
Previously Gershon and co-workers (1993) had shown this 
phenomenon with a DOTMA/DOPE composition. Eastman 
and co-workers (1997) have shown that over a narrow range 
of charge ratios near charge neutrality, the decrease in 
fluorescence is linear; we looked at a larger range in charge 
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FIGURE 2 Accessibility of plasmid DNA 
to EtBr intercalation and DNAse I digestion. 
(A) Displacement of EtBr intercalation. Plas- 
mid DNA (5 /xg/ml) was incubated with 0.2 
jig/ml EtBr, and the fluorescence at 610 nm 
(excitation 500 nm) was taken as the maxi- 
mum fluorescence. Various amounts of cat- 
ionic liposomes were added to the solution, 
and the change in fluorescence intensity was 
measured. □, DOTAP; A, DOTAP/DOPE; O, 
DOTAP/MOG; +, DOTAP/DOPC (B) 
DNAse 1 digestion of cationic liposome/DNA 
complexes. Cationic liposome/DNA com- 
plexes were prepared at the mixing molar ra- 
tios indicated in the graph. The complexes 
were exposed to DNAse I (2 units/jig of 
DNA) for 30 min in a reaction buffer consist- 
ing of 0.9 mM MnCl 2 , 50 mM Tris-HCl 
(pH 7.4). 
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ratios, so the decrease in fluorescence appears to be more 
abrupt as the positive-to-negative charge ratio is increased. 
We found that all of the cationic liposome compositions 
examined (DOTAP, DOTAP/MOG, DOTAP/DOPE, 
DOTAP/DOPC) displaced EtBr to a similar extent. 

Protection against DNase i digestion 

After forming complexes with cationic liposomes, DNA 
molecules were much more resistant to DNase I digestion. 
Plasmid recovered after 30-min exposure to DNase I is 
shown in Fig. 2 B. Naked plasmid DNA was completely 
degraded within 5 min, whereas in complexes mixed at 2:1 
and 8:1 charge ratios, most of the plasmid DNA was intact 
after 60 min of DNAse I digestion. Plasmids that were 
mixed with cationic liposomes at 1/2 charge ratio were 



partially protected from degradation. Here again, all of the 
cationic liposome formulations examined protected DNA 
against DNase I digestion to a similar extent. 

Freeze-fracture eiectron microscopy of cationic 
iipid/DNA complexes 

To see the detailed membrane morphology of the various 
lipoplexes formed at different charge ratios and with differ- 
ent lipid compositions, we examined the freeze-fractured 
lipoplex replicas with an electron microscope (Figs. 3 and 4). 

We confirmed previous observations (Sternberg et al., 
1994) that the membrane morphologies observed in the 
lipoplex were strikingly different from those observed in the 
liposomes. Cationic liposomes, after sonication, were 
mostly unilamellar vesicles with an aqueous interior. 
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FIGURE 3 Freeze-fracture electron micrographs of DOTAP/DNA at various charge ratios. (A) DOTAP unilamellar vesicles. (B) DOTAP/DNA 
complexes formed with excess lipid. (Q DOTAP/DNA complexes formed with excess DNA. The bar represents 100 nm. 



DOTAP liposomes were between 30 and 60 nm in diameter 
(Fig. 3 i4). After forming a complex with DNA in excess 
lipid, aggregates were observed with partially fused lipid 
membranes (Fig. 3 5). The membranes observed in the 
aggregates were deformed into numerous, highly curved 
membrane features with diameters less than 10 nm. When 
DNA was in excess, the liposome disruption was even more 
striking (Fig, 3 Q. The aggregated liposomes were exten- 
sively distorted, and the appearance of the fracture planes 
suggested that the bilayers were no longer vesicular (Fig. 3 
C). Parallel strands, believed to be lipid-ensheathed DNA, 
can be discerned on some fracture planes (arrows). 

An interesting feature of the freeze-fracture images is that 
when liposomes containing different helper lipids were used 
to form the lipoplexes, distinctively different features in 
membrane morphology were observed. DOTAP/DNA com- 
plexes had many spike-like strands (Figs. 3 B and 4 A), 
DOTAP/MOG/DNA complexes were surrounded by tiny 
granules (Fig. 4 5), and DOTAP/DOPE/DNA complexes 
contained many elongated tubes (Fig. 4 Q and appeared 
similar to previous reports of complexes formed between a 
cationic cholesterol/DOPE composition and DNA (Stern- 
berg et al, 1994). Lipoplexes composed of DOTAP/DOPC/ 
DNA had areas of smooth membranes and some spike-like 
features (Fig. 4 D) similar to those observed in DOTAP/ 
DNA complexes. 



Purification of DOTAP lipoplexes 
from components 

To obtain a better understanding of the colloidal and struc- 
tural properties of the lipoplexes, we thought it would be 



useful to separate lipoplexes from excess components. 
There is a substantial difference in the densities of lipo- 
somes, DNA, and their lipoplexes, so they can be separated 
from each other by the use of a density gradient. We used 
DOTAP lipoplexes for the separation study because they 
were the most active in cell transfection (see below). 
DOTAP/DNA complexes were formed at different charge 
ratios and separated by the use of a linear sucrose gradient 
(0-30%). The fractions at different densities were collected 
and analyzed for their lipid and DNA content. The profiles 
of lipid and DNA distribution for complexes prepared at 
charge ratios of 10:1, 5:1, 2:1, 1:1, 1:2, and 1:5 are shown 
in Fig. 5. Discrete bands of liposomes, lipoplexes, and DNA 
molecules were obtained. Liposomes floated on top of the 
gradient (0-3%), whereas DNA molecules settled to the 
bottom (>25%) of the gradient. Lipoplexes formed a dis- 
crete band in the gradient (10%-20%), the exact position of 
which was determined by the lipid/DNA ratio in the com- 
plex. The lipoplex bands were usually discrete and fell into 
two categories: at charge ratios greater than 2:1, the com- 
plexes migrated to approximately the 11% sucrose concen- 
tration region, and the excess liposomes remained at the top 
of the gradient. At charge ratios greater than 1:1, the com- 
plexes sediment to the 18% sucrose concentration region. 
The greater the DNA excess, the more DNA molecules were 
found at the bottom of the gradient. The lipoplexes formed 
at a charge ratio of 1:1 were extensively aggregated after 
sedimentation. They usually formed an extended sheet of 
aggregated material that made it difficult to remove them 
from the gradient and redisperse them in buffer. Occasion- 
ally, multiple bands of lipoplex material were observed, 
especially for complexes prepared at a charge ratio close to 
1:1. The minor bands were very faint and varied from 



Xu et al. 



Purified Cationic Lipid/DNA Complexes 




FIGURE 4 Freeze- fracture electron micrographs of cationic liposome/DNA complexes containing different lipid compositions. All of the complexes were 
prepared by rapidly mixing DNA into the liposomes at a 2:1 charge ratio. (A) DOTAP/DNA. (B) DOTAP/MOG/DNA. (O DOTAP/DOPE/DNA. (D) 
DOTAP/DOPC/DNA. The bar represents 100 nm. ' 
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.The diameter of the separated complexes is plotted in Fig. 6 
A. The lipoplex diameters were less than 100 nm when they 



FIGURE 5 Sucrose gradient separation of DOTAP/DNA complexes. 

mixed at different charge ratios. This is a representative data plot. from 

three experiments. The solid: line represents the distribution of DOTAP in. 

the gradient. The dashed line' represents the distribution of DNA- in. the 

gradient. Arbitrary scales are used at the y axis for easy presentation. The -. 

total recovery of lipid and DNA from all of the fractions is usually >80% 
<• of the. amount used. Sucrose concentration in the gradient varies linearly 

from 0%.tb 30% from left to right. Plotted from top to bottom are 
' DOTAP/DNA complexes rnixed at charge' ratios of 10:1, 5:1, 2:1, 1:1, 1:2, 

i:5. • • • v ' ; . • V . ■ . , + ; 



.preparation to preparation. The farther the initial charge 
ratio was from 1:1, the sharper and more precisely posi- 
tioned was the lipoplex material. * ' 



Characterization of separated lipoplexes 

The separated, complexes were isolated and characterized- 
for their size distribution, zeta potential, lipid/DNA compo- 
sition, microscopic structures, and transfection activities. 




16/1 8/1 5/1 2/1 1/1 1/2 1/5 1/8 

Mixing charge ratio 




FIGURE 6 Characterization of separated DOTAP/DNA complexes pre- 
pared at different charge ratios. The complexes were mixed at the indicated' 
charge ratio and, separated by centrifugation on sucrose gradients as de- 
scribed in Materials and Methods. All experiments were repeated three., 

. times, and the error bars represent the standard deviation. (A) Mean 
diameter of the separated complexes. (5) Zeta potential of the separated 

. complexes. (C) DOTAP/DNA stoichiometry in the separated complexes. ; 
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were prepared at a large excess of either liposomes or DNA. 
This is similar to diameters measured on unseparated com- 
plexes (Fig. 1 A). However, the separated complexes had a 
more homogenous size distribution (SD = ±20 nm). At a 
mixing charge ratio close to 1:1, visible aggregates were 
always observed after separation. 

Zeta potential 

The zeta potential of the separated complexes usually fell 
into two groups, regardless of the charge ratios at which 
they were prepared (Fig. 6 B). Those formed with excess 
cationic liposomes had zeta potentials close to 30 mV, 
resembling lipoplexes formed at a 2:1-4:1 charge ratio but 
without separation (Fig. 1 B). Lipoplexes formed with ex- 
cess DNA were negatively charged, with zeta potentials 
around -40 mV, resembling unseparated lipoplexes formed 
at 1:2-1:4 charge ratio (Fig. 1 £). Thus two types of com- 
plexes were found after separation: positively charged and 
negatively charged lipoplexes. The zeta potential of com- 
plexes formed at a 1:1 charge ratio could not be measured 
because of the formation of large aggregates during the 
separation. 

Stoichiometry 

The separated lipoplexes can also be divided into two 
groups according to their cationic lipid/nucleotide ratios 
(Fig. 6 Q. When mixed with excess lipid, the lipid/nucle- 
otide ratio of the separated lipoplex as determined by fluo- 
rescence measurements of the DNA and lipid was —3:1 
(Fig. 6 Q and did not depend on the initial mixing ratio. 
When the Iipid/DNA ratio was determined using fluorescent 
lipid and radiolabeled DNA, the ratio was 3.5 ± 0.3:1. 
When the lipoplex was formed with excess DNA, the re- 
sulting ratio, determined from the fluorescence measure- 
ment of lipid and DNA, was close to 1:1.8 (Fig. 6 Q. This 
was also independent of the initial mixing ratio. When the 
ratio was determined using fluorescent lipid and radiola- 
beled DNA, it was 1:2.2 ± 0.2. The two methods for 
computing the charge ratio of the separated complexes 
agree to within the precision of the measurements, . 

Cryoelectron microscopy of the lipoplexes 

Examination of the mixtures before separation by cryoelec- 
tron microscopy showed occasional compact structures in 
contact with spherical bilayer vesicles of various diameters 
(Fig. 7 A). The vesicles appeared to be aggregated and were 
of greater diameter than the starting DOTAP liposomes 
(Fig. 3 A). In contrast, the separated complexes prepared by 
mixing a large excess of either component showed com- 
pacted structures with a much denser interior (Fig. 7, B and 
C). The complexes were small and compacted, with very 
few empty liposomes or free DNA strands visible, com- 
pared to the loosely associated liposome aggregates ob- 
served before separation. The basic features in the mem- 



brane/DNA-rich substructures appeared similar in terms of 
electron density and substructure before and after separa- 
tion, suggesting that the basic lipid/DNA association mode 
was not changed by the gradient process. 

Differences between the positive and negative charged 
complexes are clearly visible. The positive complexes were 
filled with uniformly dense structures, with some toroid- 
shaped features visible, whereas the negatively charged 
complexes had a much more visible periodic pattern of 
5.9 ± 0.1 nm consisting of electron-dense strips alternating 
with relatively electron transparent regions. Because the 
complexes were viewed as 2D projections, microscopic 
membrane features such as those observed in freeze-fracture 
electron micrographs may not be visible. Certain properties 
of the separated cationic lipid/DNA association structure 
can still be deduced; the lipid membranes in the complexes 
were clearly deformed and rearranged as a result of the 
strong electrostatic interaction between cationic lipid head- 
group and DNA phosphate. 



In vitro transfection activity 

Different lipid formulations were tested for their in vitro 
transfection activity both before and after separation on the 
sucrose gradient. Before separation DOTAP had the highest 
transfection activity at a DNA dose of 0.6 jxg/well (Fig. 8 
A). DOTAP/MOG, DOTAP/Chol, and DOTAP/DOPE had 
lower but still substantial transfection activities, whereas 
DOTAP/DOPC was almost inactive in transfection. This is 
despite the fact that all of the lipoplexes had similar colloi- 
dal properties and a similar ability to protect DNA from 
degradation by DNase I. In all cases the transfection activity 
peaked at a 2:1-4:1 charge ratio and decreased with higher 
or lower charge ratios. 

Purified lipoplexes showed many advantages compared 
to the unprocessed mixtures in cell transfection (Fig. 8 
A-C). The elimination of excess cationic liposomes from 
purified positively charged complexes extended the nominal 
charge ratio, where high activity was observed to 16:1 (Fig. 
8 B). This is probably due to the greatly reduced cytotox- 
icity from excess cationic liposomes that have been re- 
moved from the mixture. Purified negatively charged lipo- 
plexes showed moderate transfection activity compared to 
the negligible activity of the mixtures prepared at a charge 
ratio of less than 1:1 and not separated (Fig. 8, A and Q. 
The activities of these two separated complexes were pro- 
portional to the DNA dose used and can be improved by 
using a higher DNA dose (1.5 /xg/well), as shown in Fig. 8, 
B and C. 

Another interesting property of the separated lipoplexes 
is that they were much more resistant to the inhibitory 
effects of serum (Fig. 8, B and Q. When the serum content 
in the incubation medium used for the transfection was 
increased to 30%, the negatively charged complex exhibited 
as high a transfection activity as found with the positively 
charged complex under the same conditions. 
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FIGURE 7 Cryoelectron micrographs of separated 
DOTAP/DNA complexes. (A) DOTAP/DNA complexes 
prepared at a charge ratio of 10:1 before separation, (fl) 
DOTAP/DNA complexes prepared at a charge ratio of 10:1 
and separated by centrifugation on a linear sucrose gradient. 
(Q DOTAP/DNA complexes prepared at a charge ratio of 
1:4 and separated by centrifugation on a sucrose gradient. 
The bar represents 100 nm. 




DISCUSSION 

Cationic liposome/DNA lipoplexes are widely used in cell 
transfection (Feigner et al., 1987) and for in vivo gene 
delivery (Gao and Huang, 1995). However, the relationship 
between activity and the physicochemical properties of the 
lipoplexes is not understood. Gershon and co-workers 
(1993) were the first to provide a detailed account of the 
kinetics of lipoplex formation and the structure of the com- 
plex formed from DOTMA/DOPE and DNA. These inves- 
tigators proposed that a threshold ratio of cationic lipid was 
required to induce collapse of the DNA into a rod-shaped 
lipidic particle. Upon formation of the complex there was a 
simultaneous rearrangement of the associated lipid via fu- 
sion of the cationic liposomes and DNA collapse. The 



complex displaced ethidium bromide and protected DNA 
from degradation from DNase. Based upon these findings, 
Gershon suggested that the efficient encapsidation process 
may be responsible for the efficiency of cationic liposome- 
mediated transfection. Other groups investigated the effect 
of the ratio of cationic lipid to DNA (Mahato et al., 1995; 
Eastman et al., 1997; Lasic et al., 1997; Radler et al., 1997) 
or oligonucleotide (Jaaskelainen et al., 1994) and found 
similar results in terms of protection of DNA from ethidium 
bromide intercalation and nucleic acid-induced mixing of 
the lipid. In addition, they confirmed the expectation that 
the zeta potential of the lipoplex depends upon the initial 
charge ratio, and the diameters of the resulting, complexes 
increase and become more polydisperse as the charge equiv- 
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FIGURE 8 Transfection of CV1 cells. (A) Transfection using lipoplexes 
containing various lipid compositions before and after separation. Cationic 
liposomes were mixed with DNA (24 /xg/ml) at the indicated charge ratios, 
and 0.6 /Ltg of plasmid DNA was used for each well in a 96-welI plate. Q 
DOTAP; A, DOTAP/DOPE; O, DOTAP/MOG; V, DOTAP/Chol; +, 
DOTAP/DOPC; *, DOTAP after separation. (B) Transfection using puri- 
fied positively charged lipoplexes. Purified positively charged DOTAP/ 
DNA lipoplex, which was prepared at a 16:1 charge ratio and separated 
from excess liposomes as above, was compared to un purified lipoplexes 
prepared at a 4: 1 charge ratio. Two DNA doses are plotted: a normal dose 
(0.6 /xg/well) and- a high dose (1.5 /xg/well). □, Unpurified complex, 
normal dose. ■, Unpurified complex, high dose. H, Purified complex, . 
normal dose. H, Purified complex, high dose. (C) Transfection using 
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alency point is attained, where precipitation of the com- 
plexes is often observed. . 

We have examined in detail the effect of lipid composi- 
tion and charge ratio on lipoplex colloidal properties and 
microscopic structures. Our results on characterization of 
the DOTAP-DNA lipoplexes indicate inclusion of the 
helper lipids: cholesterol, MOG, DOPE, or DOPC results in 
lipoplexes that behave in a very similar fashion in terms of 
their colloidal properties, membrane mixing, and protection 
of DNA from degradation by DNase or intercalation by 
ethidium bromide. 

Despite the similarities of the colloidal properties, there 
was a clear distinction in the morphologies observed in 
freeze-fracture electron micrographs of the various compo- 
sitions. All lipoplexes show worm-like features partially 
adsorbed and extended from the surfaces of fused vesicles. 
These worm-like structures or tubes have a common diam- 
eter of 10 nm and are believed to be DNA strands en- 
sheathed in lipid bilayers (Sternberg et al., 1994; Hui et al., 
1997). The tubes are extremely short and appear bead-like 
in lipoplexes containing DOTAP/MOG (Fig. 4 5), slightly 
longer in those containing DOTAP or DOTAP/PC (Fig. 4, A 
and £>), and only extensively elongated in DOTAP/DOPE 
lipoplexes (Fig. 4 C). The absence of elongated tubes in 
lipoplex structures formed from cationic lipids different 
from those studied here was also reported by Eastman and 
co-workers (1997). The differences in appearance may de- 
pend on how readily the lipids in the lipoplexes can phase- 
separate and form high-curvature sheaths around DNA. 

Although each lipid mixture had a characteristic appear- 
ance (Figs. 3 and 4), we were unable to identify any obvious 
structural feature in the images that correlated with the in 
vitro transfection activity rank order DOTAP » DOTAP/ 
MOG = DOTAP/cholesterol > DOTAP/DOPE » 
DOTAP/DOPC (Fig. 8). Extensively elongated tubular 
structures were only observed in lipid mixtures that con- 
tained DOPE, which is similar to the report of Sternberg and 
co-workers (1994); however, our findings indicate that such 
elongated tubular structures are not required for high trans- 
fection activity. There was a tendency of the transfection- 
active lipid mixtures to have a greater incidence of high- 
radius structures in the fracture plane than observed in 
structures formed from the transfection-inactive DOTAP/ 
DOPC mixture. Freeze fractures of lipoplexes prepared at a 
large excess of lipid contained fracture planes indicative of 
bilayer sheets that were probably from lipid not associated 
with the complex. These were absent from the jagged frac- 
ture planes of complexes prepared with an excess of DNA. 



purified negatively charged lipoplexes. Purified negatively charged 
DOTAP/DNA lipoplexes, prepared at a 1 :5 charge ratio and separated from 
excess DNA, were compared with unpurified lipoplexes prepared at a 1:2 
charge ratio. Two DNA doses are plotted: a normal dose (0.6 /xg/well) and 
a high dose (1.5 /xg/well). □, Unpurified complex, normal dose. ■, 
Unpurified complex, high dose. 88, Purified complex, normal dose. H, 
Purified complex, high dose. 
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Thus it appears that all of the lipid compositions studied 
provide efficient encapsidation, so that the high transfection 
efficacy of certain compositions must be due to other factors 
(Xu and Szoka, 1996; Zelphati and Szoka, 1996; Hui et al., 
1996). 

Because DOTAP/DNA lipoplexes have the highest trans- 
fection activity, we studied these lipoplexes in more detail. 
After purification from the excess component, there are two 
distinct lipoplexes, those formed with either excess lipid or 
excess DNA. They have a defined lipid/DNA stoichiometry 
of 3.5:1 or 1:2.2, respectively. Their diameters are ~70 nm, 
and their zeta potentials are, respectively, +35 mV and -40 
mV. The positively charged lipoplexes appear to have a 
dense but diffuse interior, together with a few toroid-shaped 
features (Fig. 7 B). The 3.5:1 ratio (±) of cationic lipid to 
nucleotide raises an interesting question of how the cationic 
lipid is packed in this structure. It seems that the lipoplex 
prepared at the higher positive charge ratio might corre- 
spond to the situation described by Radler and colleagues 
(1997), in which the lipid is in excess and the DNA lattice 
is expanded. Fluctuations in the bilayer separation might 
then make it difficult to visualize a discrete repeat in the 
cryoelectron micrographs, accounting for the diffuse dense 
appearance of the lipoplexes prepared at a high positive 
charge ratio (Fig. 7 B). It is also possible that the charge 
neutralization of DNA results in DNA bending into donut- 
like or even spherical structures, as seen in Fig. 7 B. The 
particles are predominantly 70 nm in diameter. This is 
similar to dimensions of toroids formed between DNA and 
polycations (Bloomfield, 1996). It may be that the dimen- 
sions of these particles are determined by the persistence 
length of the DNA. 

The negatively charged lipoplexes, on the other hand, 
contain a prominent striated structure with a spacing of 
5.9 ± 0.1 nm, as revealed by cryoelectron microscopy (Fig. 
7 Q. The alternative light and dark bands could represent 
parallel DNA strands sandwiched between lipid bilayers. 
These images contain structures similar to those published 
by Gustafasson and colleagues (1995) for unpurified 
DOTAP/DNA. Freeze-fractured DOTAP/DNA lipoplexes 
formed in excess DNA also show short parallel strands with 
a periodicity of 7-8 nm (including the thickness of the 
carbon/platinum replica) in similar size complexes (Fig. 3 
Q. Both cryoelectron micrographs and freeze-fracture mi- 
crographs show loose ends, presumed to be DNA, extending 
from the edges of lipoplexes. The ordered strands may 
represent ordered arrays of DNA confined between lipid 
layers by the limited amount of lipids available. Theoretical 
models of DNA associated with membranes suggest pre- 
cisely such behavior, that is, ordered DNA domains should 
arise when DNA is absorbed to membranes (Dan, 1996). 
This form of crystalline array has been suggested in the 
x-ray diffraction models, which revealed a repeating spac- 
ing of 5.8 ± 0.2 nm, based on results of lipoplexes with a 
1:1 charge ratio (Radler et al., 1997; Lasic et al., 1997). We 
note that the negatively charged lipoplex has a lipid/DNA 
packing structure distinctly different from that of the posi- 



tively charged complex. Surprisingly, it is also transfection 
active, albeit at a moderate level. So it is less likely that one 
specific lipid/DNA packing structure is responsible for all 
of the transfection activity reported for the various cationic 
lipoplexes. 

The transfection activities of both types of purified lipo- 
plexes are independent of their starting charge ratios, with 
similar activities for positively charged complexes and neg- 
atively charged complexes. The transfection activity of the 
purified positively charged lipoplexes is high (>10 mU/ 
well) and increases when the DNA dose is increased. The 
separated complexes are much less toxic to the cells com- 
pared to the initial mixture. They are also more resistant to 
the damaging effect of serum, although when serum content 
reaches 30% the transfection activity is greatly reduced to a 
residue value (<2 mU/well). Similar observations were 
reported by Hofland and co-workers, who used a resus- 
pended lipoplex pellet prepared by detergent dialysis (Hof- 
land et al., 1996). 

An important finding is that the separated negatively 
charged lipoplexes have moderate transfection activity com- 
pared to the negligible value before separation, which is also 
independent of serum content (Fig. 8 Q. The higher activity 
of the positively charged lipoplexes may be related to their 
electrostatic attraction to the generally negatively charged 
cell surfaces (Feigner et al., 1987). The presence of serum 
apparently inhibits this mode of interaction, either by inhib- 
iting their attachment to the cell surface, or by inhibiting 
their self-association on the cell surface and eventual inter- 
nalization by the cell (Sternberg et al., 1994; Hui et al., 
1996). However, both positively and negatively charged 
lipoplexes have a residue transfection activity, which may 
be based on events not affected by the charge of the lipo- 
plexes (such as random collision and spontaneous fusion 
with the cell surface). 

The finding that the transfection activities of the sepa- 
rated complexes are more resistant to the effects of serum 
than unseparated lipoplexes is very promising for in vivo 
gene therapy and is another approach (Hofland et al., 1996; 
Sternberg et al., 1998) for creating cationic lipoplexes that 
are stable in serum. The separated complexes are small, 
homogeneous, and relatively stable upon storage (data not 
shown). The moderate but serum-resistant transfection ac- . 
tivity of the separated negatively charged complexes may be 
useful for in vivo applications. 



SUMMARY 

We show that the colloidal properties of lipoplexes are 
determined by the charge ratio of the DNA and cationic 
lipid and are not appreciably affected by the type of helper 
lipid. The lipoplexes have membrane features characteristic 
of their lipid composition, but no obvious correlation was 
found between any specific membrane feature and the trans- 
fection activity. Finally, lipoplexes of defined stoichiome- 
trics can be separated from precursors by sedimentation of 
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the mixture to equilibrium on sucrose gradients. The sepa- 
rated lipoplexes have a small particle diameter with a high 
radius of curvature. Lipoplexes with a positive zeta potential 
differ in structure from those with a negative zeta potential 
when viewed by cryoelectron microscopy. These separated 
lipoplexes are resistant to the inhibitory effect of serum in in 
vitro transfection. The defined structure should prove useful 
in determining the factors that are critical to transfection 
activities in cells and animals. 
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Abstract: 

The safe and efficient delivery of therapeutic DNA to cells represents a 
fundamental obstacle to the clinical success of gene therapy [1,2]. The 
challenges facing synthetic delivery vectors are particularly clear, as both 
cationic polymers and liposomes are less effective at mediating gene transfer 
than viral vectors. The incorporation of new design criteria has led to recent 
advances toward functional delivery systems [3,4]. However, the paradigm for 
the development of polymeric gene delivery vectors remains the incorporation 
of these designelements into materials as part of an iterative, linear process an 
effective, albeit slow, approach to the discovery of new vectors [1]. The 
limitations of viral vectors, in particular their relatively small capacity for 
therapeutic DNA, safety concerns, difficulty in targeting to specific cell types 
have led to the evaluation and development of alternative vectors based on 
synthetic, non- viral systems. The main alternatives to viruses, such as polymers, 
are described below and include liposomes, liposome-polycation complexes and 
peptide delivery systems. How the synthesis of this polymers are, is not here 
discussed but for better describtbn of DNA delivery process with Polymers, the 
use of poly LrLysin for gene delivery in hepatocyte cells are short explained. 



Introduction: 

. In principle, two basic carrier systems, viral (adeno- and retrovirus) and notviral for DNA 
delivery in target cells are under development. Viruses are the most wiedly used vectors for 
systemic delivery of genes, but their efficiency of transection in vitro is not reproduced in 
vivo because of their inherent inflammatory properties, coupled with inappropriate tropisms, 
which restrict their access to target tissues [5]. Several major problems are associated with 
the use of viral vectors in clinical treatment. The concept of using block or graft copolymers 
of cationic and hydrophobic nonionic monomers has been introduced as a potential means for 
development of non viral gene delivery vectors [6]. The technical challenge is that DNA 
(commonly a plasmid) is a particulate material with a net negative charge, a negatively 
charged surface, and a hydrodynamic diameter of >100 nm. This particle must be introduced 
into the body and delivered to the target cell across various biological barriers, many of which 
are normally impeneterable by a particle with these characteristics. 

Cationic liposomes and polymers have been accepted as effective non- viral vectors for gene 
delivery with low immunogenicity unlike viral vectors. The main advantage of using cationic 
polymers is that polymers carrying different structure elements can be developed by self- 
assembling with DNA by electrostatic interaction to produce vectors with a range of 
properties. 

The development of self-assembling vectors for DNA delivery is based on synthetic block 
copolymers. The copolymers will be designed to fulfil a number of biological functions, 
including condensing the DNA in to discrete particles and stabilising it by enshrouding it 
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Within a hydrophilic polymer coating. An important issue for DNA delivery from polymers is 
what polymer formulations will give an efficient incorporation and a sustained local delivery 
in a reproducible manner [12]. 

In non- viral DNA delivery is important that no single formulation can be used to target all 
somatic targets. Instead, formulations need to be optimized for each somatic target on the 
basis of the physiological and biological characteristics of that target. 

Liposomal gene delivery: 

The structural and phase transformations of lipids are generally inherent to nature and can be 
applied in practice. Negatively charged, or classical, liposomes have been used to deliver 
encapsulated drugs for some time and have also been used as vehicles for gene transfer into 
cells in culture. Problems with the efficiency of nucleic acid encapsulation, coupled with a 
requirement to separate the DNA-liposome complexes from "ghost" vesicles has lead to the 
development of positively charged liposomes. Cationic lipids are able to interact 
spontaneously with negatively charged DNA to form clusters of aggregated vesicles along the 
nucleic acid. At a critical liposome density the DNA is condensed and becomes encapsulated 
within a lipid bilayer, although there is also some evidence that cationic liposomes do not 
actually encapsulate the DNA, but instead bind along the surface of the DNA, maintaining its 
original size and shape. 

Since the cellular membrane is negatively charged, it was the cationic polymers that have 
received the most attention as potential carriers for DNA how antiserise Oligondeoxynucleoic. 
The coulombic forces governing the interaction betwenn plasma membrane and polycations 
are so strong that the influence of other properties of the polymers (e.g. hydrophilicity) is 
drastically diminished. However, the cationic polymers do not constitute the ideal solution for 
antisense Oligode-oxynucleic [8]. 

Cationic lipids: 

The use of lipids with a polar head group (protonated at physiological pH-cationic) as DNA 
carriers, poineerede in 1987, has resulted in the commercial production of cell cultur gene- 
delivery kits and the use of lipopsomal gene delivery in clinical trails. A large number of 
cationic lipids have been synthesised for gene delivery, some of which are shown in Figure 1. 
All cationic lipids possess an amine group in addition to hydrophobic group. The amino 
group binds DNA electrostatically, while the hydrophobic groups facilitate the assembly of 
cationic lipids into bi- layer vesicles. Lipoplexes (cationic liposome/DNA complexes) range 
from 50 nm to just over 1 ^m in size and an increase in lipoplex size improves transfection in 
vitro. A positively charged lipoplex is necessary for cell binding prior to interaalisation by 
endocytosis. Endosomal escape for onward transport to the nucleus is aided by lipids such 
1.2-dioleoyl phosphatidylethanolamine (DOPE). 

Cationic lipids have also been shown to be effective agents for DNA transfer in vivo. Several 
different cationic lipids have been used to deliver genes to the lung by intratracheal, 
intravenous (IV), or intrapul-monary artery routes, resulting in efficient 
expression of recombinant genes. Gene delivery with cationic liposomes increases the level of 
gene expression on IV as the lipoplex prevent plasma degradation of DNA. However, these 
carriers are severely limited in their applicability via the IV route as they are rapidly cleared 
from the plasma and gene expression occurs primarily in the lung endothelium, the first 
capillary bed encountered. Expression is transient, peaking between 4 and 24 hours after 
dosing and disappearing within a weak. 
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Figure 1: Example of cationic lipids used for DNA delivery 



Lipoplexes 



Polymers 

Another method for gene delivery utilizes a cationic polymer known as a dendrimer. 
Dendrimer-DNA complexes are formed by ionic interactions between the positively charged 
dendrimer and negatively charged DNA. Complexes of different size can be made using 
dendrimers of different size and different charge ratios. These complexes have been shown to 
effect efficient gene delivery into a variety of cell types in vitro [15]. 

As with cationic lipids, polymers bearing groups that are protonated at physiological pH have 
been employed as gene carriers (see Figure 2). The electrostatic attraction between the 
cationic charge on the polymer and the negatively charged DNA results in a polyplex. 




Figure 2: Examples of Cationic Polymers Used for Gene Delivery 

Poly L-Lysin (PLL): The use of PLL (Fig 4,a) for gene delivery employs targeting ligands - 
e.g., asialooroso- mucoid, transferrin and folate, to facilitate receptor - mediated uptake. 
Without the use of either targeting ligands or lysosomotropic agents (such as chloroquine), 
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g'ene transfer is poor with PLL polyplexes alone, an important difference in thebiological 
activity of the amphiphilic cationic lipids and the soluble polymer PLL. Lipidic PLLs have 
been prepared and complexed with DNA and the resultant complex was a more efficient 
transfection agent than cationic liposomes in vitro. It appears that amphiphilicity aids gene 
transfer in some instances. A positively charged polyplex is necessary, presumably to allow 
interaction with the negatively charged cell surface/endosomolytic uptake, and the 
incorporation of histidine into PLL polyplexes aids endosomal escape of these agents. A 
further interesting method of preparing PLL polyplexes involves the replacement of some L 
lysine residues with cysteine residues followed by cross- linking to give a superior transfecting 
unit in which DNA release appears to be triggered by the intracellular reduction of disulphide 
bonds. Although PLL polyplexes prevent the degradation of DNA by serum nucleases, just 
like lipoplexes, they are rapidly cleared on IV injection. 

From a pharmacokinetic point of view, PLL seems to be a promising hepatocyte-specific 
carrier; since the hepatotropic nature of cationic polymers is likely due to their positive 
charge; neutralization of this charge abolishes its affinity for the cells [13]. Complex 
formation with nucleic acids like plasmid DNA reduces the positive charge of PLL. This, in 
turn, makes the recognition of glycosylated PLLs via receptors more evident. In addition, the 
internalization of galactosylated carriers is much faster than that of cationic ones, which could 
be an advantage for DNA and some drugs [9]. 

Hepatocyte-specific delivery of DNA was successfully achieved by selecting the most 
suitable size of PLL and by controlling the galactose density on PLL. If a short PLL with a 
molecular weight of 1800 is used, a larger amount of PLL is required for complex formation 
than with PLLs with molecular weights of 13 000 and 29 000. In addition, there is hardly any 
DNA condensation by the short PLL [13]. To improve the efficiency of galactosylated 
cationic poly (amino acids)-based gene transfer, the use of compounds that can enhance gene 
expression such as viruses or viral proteins, fusogenic lipids, and membranedisruptive 
peptides can be considered. Mitsuru Hashida and his colleagues has suggested that 
galactosylated polymeric carrier conjugated with a fusogenic peptide was very effective in 
improving the level of gpne transfer after intravenous injection of DNA carrier complexes 
[17]. Figure 3 gives conceptual explanation about hepatocyte-specific gene delivery with 
multi-functional polymeric carriers [13]. 
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Figure 3: The performance in vivo of multifunctional polymeric carriers with galactose moiety for hepatocyte- 
specific gene delivery [13]. 
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Palyelectrolyte complexes (PECs) are capable of releasing most of the functions mentioned 
above being, at the same time, suitable for large-scale production. The supramofecular 
structure of PECs can be described as a hydrophobic core formed by DNA the charge of 
which was compensated by polycation blocks, surrounded by a shell of hydrophilic polymer 
chains. So far, several polycations have been used in combination with hydrophilic nonionic 
polymers to produce complexes with DNA [7]. 

Polyethylenimine (PEI) is a cationic polymer capable of delivering DNA molecules into 
cultured mammalian cells as charge complexes (FigAb). The application of PEI polyplexes in 
gene therapy, however, is hampered by the sensitivity of is transfection activity to the 
presence of serum. 

Both branched and linear PEL shows efficient gene transfer without the need for 
endosomolytic, lysosomotropic or targeting agents. Linear PEI is more efficient than cationic 
liposomal formulations in vivo. Positively charged PEI polyplexes are endocytosed by cells 
and PEI is also believed to facilitate endosomal escape. The addition of targeting ligands 
enhances the activity of PEI presumably by increasing uptake. Recently hydrophobised PEI 
has been incorporated within DOPE, egg phosphatidylcholine and dipalmitoyl 
phosphatidylcholine liposomes, producing an efficient gene -transfer agent, although the 
activity of this soluble amphiphilic polymer was diminished when administered without the 
liposomal lipids. Unfortunately, PEI, as with some of the cationic lipids, has also been 
reported to be toxic to cells [14]. 
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Figure 4: A) Structure of Poly Lysin (PL), B) St ructure of Polyethylenimine (PEI) 
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Poly (vinylamine) (PVA) was the second type of polycation studied. Molecular weight and 
dimenstions of DNA complexes formed with PVA were certain degree affected by the 
molecular weight of the PVA used [4], 

Collagen: The first use of polymers to deliver DNA in tissue engineering applications 9 
involved the delivery of plasmids encoding for bone morphogenic proteins (BMPs) and 
fragments of human parathyroid hormone genes. The polymer that used was type I collagen, 
and the collagen-DNA mixtures were termed gene -activated matrices (GAM)[12]. 

Liposome/DNA complexe: 

There have been several studies on the in vivo, systemic use of liposome/DNA complexes. 
The factors controlling the transfection efficiency of liposome/DNA complexes following IV 
administration are still poorly understood. The transfection efficiency of liposome/DNA 
complexes in vivo has been shown to be relatively low, especially when compared to viral 
vectors. One study has suggested that the in vivo transfection efficiency of adenoviruses is 
around 200 times greater than that observed with liposomes. One explanation for the 
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relatively poor transfection efficiency of liposome/DNA complexes is that they are 
susceptible to disruption by serum proteins. A variety of proteins are known to bind to 
liposomes in vitro and in vivo and may membrane destabilisation. There are now serious 
efforts being made to develop liposomal vectors that are resistant to serum disruption. Novel 
cationic lipids are also being developed to try to improve the transfection efficiency of 
liposome/DNA complexes. Targeting of the liposomes to specific cell types has also been 
investigated as a means of improving the transfection efficiency. 

It was determined that the amount of protein bound to the liposome/DNA complexes is 
directly proportional to the clearance time of the complexes from the bloodstream. The 
incorporation of cholesterol into the liposome/DNA formulation, which increases the packing 
densities of the phospholipid molecules, drastically reduces the amount of bound protein and 
produces a corresponding improvement in circulation half- life. The incorporation of 30mol % 
cholesterol increases the half- life of liposome/DNA complexes from seconds to over 5 hours. 
The amount of serum protein binding to liposome/DNA complexes can also be reduced by 
increasing the dose of the liposome/DNA complex administered intravenously. This reduction 
in protein binding produced a corresponding increase in the circulation times, from around 4 
minutes to over 80 minutes. 

Peptide mediated gene delivery 

A related approach is to use naturally occurring or synthetic peptides as gene delivery 
systems. The interaction of nucleic acids with basic polyelectrolytes is a process that has been 
known for a long time. In 1946, Kleczkowski showed [10] that the conjugation of proteins 
with nucleic acids is a general phenomenon that takes place whenever the pH allows them to 
be of oppisite charges, and also suggested that the interaction of proteins with viral 
nucleoproteins may be responsible for reducing the infectivity of some viruses. 
The importance of serum protein interactions on circulation and transfection activity has been 
established with cationic liposomes. It is well known that serum has an inhibitory effect on 
the transfection efficiency of cationic liposome/DNA complexes. Binding of the 
liposome/DNA complexes to negatively charges serum proteins, leading to a decrease in cell 
association has been implicated as a mechanism for the inhibitory effect of serum on 
transfection activity. It has since been demonstrated that this inhibition can, at least partly, be 
overcome by increasing the charge ratio or dose of the liposome/DNA complex. 
The approach of use proteins for DNA delivery is based upon the observation that the 
functionally active regions of proteins such as enzymes, receptors and antibodies are 
relatively small, typically consisting of around 10-20 amino acids. Synthesising peptides 
based upon functional regions of DNA binding proteins or a variety of viral proteins is an 
approach that has been used to replace the use of whole proteins (such as histone HI) or large, 
polydispersed polymers (such as polylysine) as gene delivery vectors. A number of peptide 
sequences have been shown to be able to bind to and condense DNA. One such sequence is 
the tetra-peptide serine-proline -lysine- lysine located in the C-terminus of the histone HI 
protein. Rational design of peptide sequence has also been used to develop completely 
synthetic DNA binding peptides. 

Albumin is another protein that cans interact with DNA complexes by electrostatic or 
hydrophobic interactions. It has been showed that albumin is not able to decompose the 
complexes and release free DNA, but it could probably interact with positively charged 
complexes and form ternary albumin-DNA-polycation complexes. In that case, some 
parameters of the DNA complexes, such as z-potential or hydrodynamic radius must be 
changed. 
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